We demonstrate high-purity single-photon emission from a high-quality and further confined InGaN (indium gallium nitride) quantum disc in a GaN (gallium nitride) nanowire fabricated by an unconventional and versatile reverse-reaction fabrication method. This further confined structure exhibits single-photon emission with a g (2) (0) value of 0.11 at 8 K with a sub-nanosecond radiative lifetime. The formation of the further confined structure using this versatile reverse-reaction fabrication approach overcomes many limitations in conventional self-assembled III-nitride nanowires and, thus, exhibits a strong potential application as a high-purity single-photon source.
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INTRODUCTION
On-demand single photons are one of the key elements required for optical quantum information processing. [1] [2] [3] [4] [5] Among many candidates for the generation of single photons, [6] [7] [8] [9] [10] [11] [12] semiconductor quantum dots (QDs) are promising for their high stability, good repetition rate, and compatibility with quantum photonic networks. 13, 14 Notably, III-nitride QDs 15 offer a variety of attractive properties, such as large exciton binding energies and large band offsets, which allow high-temperature operation. 16, 17 InGaN (indium gallium nitride) QDs, in particular, allow access to the blue spectral region, which is well suited for free-space communications and is compatible with readily available and efficient fast single-photon detectors.
Through exploiting these advantages, optically and electrically driven single-photon emission in InGaN QDs has been reported using various substrates, fabrication techniques, and nanostructure geometries. These have included InGaN QDs in self-assembled Al(Ga)N (aluminum gallium nitride) nanowires, 18, 19 InGaN QDs at the apices of site-controlled GaN (gallium nitride) pyramids, 20, 21 InGaN/GaN self-organized QDs, 22, 23 m-plane InGaN QDs on GaN nanowires, 24 and site-controlled InGaN/GaN QDs defined via etching of planar single quantum wells. 25, 26 It is anticipated that by using self-assembled structures to localize the QDs, a cleaner environment can be achieved, which will result in narrower emission linewidths due to a suppression of typically observed spectral diffusion effects. Unfortunately, to date, the reported spectral-diffusion limited linewidths from self-assembled nanowire-based InGaN QDs still tend to be on the order of 1-10 meV. 19, 20 These broadened linewidths are most likely due to a combination of indium-fraction inhomogeneity and the relatively large nanowire volumes, which, when under optical/electrical excitation, result in a nonuniform and fluctuating electronic environment around a given emitter, which interacts with the large dipole moment of the exciton to inhomogeneously broaden the emission. 27, 28 To overcome these obstacles, we propose a further confined quantum disc structure based on conventional self-assembled nanowires. Our process involves first growing self-assembled InGaN/GaN nanowire heterostructures with diameters of 80 ± 5 nm using plasma-assisted molecular beam epitaxy (PA-MBE). We then immediately perform a thermal decomposition of the sidewall and top surfaces of the structures to form InGaN QDs (of diameter 10-20 nm) in nanowires, which are finally confined by the subsequent regrowth of an additional GaN capping layer. The resulting further confined quantum disc exhibits a smaller size, stronger confinement, and improved optical properties, leading to efficient single-photon emission and narrow emission linewidths.
The first growth step (resulting in InGaN/GaN disc-in-nanowire heterostructures) was performed on a silicon (111) substrate using PA-MBE (see Section 2). As the nanowire diameter for such structures is approximately 80 nm, it is not possible to be certain that only one QD would form in each self-assembled nanowire. Indeed, local, short-scale fluctuations in the indium content could lead to several localization centers in each disc-in-wire structure. Therefore, as mentioned briefly above, in order to achieve single high-quality InGaN QDs, we established an unconventional process consisting of further two steps: (1) "reverse-reaction growth" by in situ thermal decomposition of the {1-100} sidewall surfaces and (000-1) top surface under ultrahigh vacuum (similar to recently reported approaches of thermal annealing [29] [30] [31] [32] ) and (2) subsequent regrowth of an additional GaN capping shell to wrap the InGaN/GaN nanowire QDs up. Figure 1A -E schematically illustrates the evolution of the grown structures. We also fabricated a sample without the additional steps and a sample without the final growth step, so that we could check the effects of each growth step. Figure 2 shows the evolution of the further confined structure through a selection of scanning electron microscopy and cross-sectional high-angle annular dark-field transmission electron microscope (TEM) images of the samples after each growth step.
The first growth step was performed for 100 minutes, resulting in nanowires with a length of 850 ± 50 nm and a diameter of 80 ± 5 nm (measured from the scanning electron microscopy images; see Figure 2A , D). These nanowires are grown along the [000-1] direction, ie, with N lattice polarity, and a certain level of coalescing and inclining can be observed. The nanowires form with a density of approximately 4 × 10 9 cm −2 . A typical TEM image of such a structure is shown in Figure 2G . TEM imaging performed on several such structures reveals that the diameter of the InGaN discs is approximately 50 ± 5 nm, which is much larger than the exciton Bohr radius in InGaN. 33 However, we can expect that QD-like localization centers may form in the InGaN regions due to an uneven disc shape and/or compositional fluctuations. 34 Reducing the disc size is therefore required. However, in general, thinner nanowires are much more difficult to obtain by direct growth. [35] [36] [37] We realized thinner nanowires by directly annealing the as-grown structures (in situ) at higher temperature under ultrahigh vacuum to decompose the GaN and InGaN materials from the six {1-100} sidewall surfaces as well as the (000-1) top surface. The resulting nanowires after thermal deposition have much smaller diameters ( Figure 2B , E, H) and, hence, house InGaN QDs. Finally, to suppress any strong non-radiative surface recombination induced by surface states along the nanowires 31 and to improve the quantum confinement afforded by the InGaN QDs, in situ regrowth of a GaN shell was performed. Figure 2C , F, I shows the electron microscope images of the final structure. The high-angle annular dark-field TEM image ( Figure 2I ) clearly reveals the final InGaN QD structure and its surrounding GaN shell by their different diffraction contrasts. The InGaN QD has a height of approximately 3 nm and a width of approximately 12 nm, which is much smaller than that of the original structure shown in Figure 2G and is also smaller than other typically reported InGaN QDs. 18, 19 Details of the annealing and regrowth procedure are also provided in Section 2.
FIGURE 3 Photoluminescence (PL) and
time series of integrated spectra. A, Emission spectrum measured at 8 K from the further confined structure. The inset shows a logarithmic plot of the power dependences of the integrated intensity of the peak. B, Temporal variation of the emission spectra measured during a period of 600 seconds In order to examine the optical properties of our reverse-reaction growth QDs, nanowires were dispersed on a Si substrate and were investigated using micro-photoluminescence (μ-PL) spectroscopy as described in Section 2. Figure 3A shows the photoluminescence spectrum measured from a further confined single structure cooled to 8 K. The spectrum exhibits a sharp emission peak that grows linearly with excitation power (see the figure inset). The emission linewidth is 800 μeV, and there is a small amount of background emission. We note that the linewidths of the emission peaks in these further confined structures are much narrower than the peaks observed from the original nanowire structures (before reverse-reaction growth was performed). Indeed, spectra measured from the original structures reveal average emission linewidths in the range of 1.8-3 meV, compared to 700-900 μeV, for the further confined samples (see Supporting Information S1 and S2). The emission linewidths of III-nitride QDs are often limited by fast spectral diffusion (occurring on nanosecond time scales [38] [39] [40] [41] , and in this case, the narrower linewidths of the further confined samples can possibly be explained by a smaller volume of the surrounding material, which is statistically likely to contain a smaller number of charge trap sites. 27, 42 The emission from the sample is stable and exhibits only a small degree of spectral wandering as can be seen in Figure 3B , which presents 600 seconds of continuous data acquisition (600 spectra acquired with 1-second integration time per spectrum). We note that similar measurements performed on the annealed nanowire heterostructures (without the final growth step) exhibit large discrete spectral jumps in the millielectron-volt range, most likely due to strong interactions between charges confined in the InGaN nanostructures and charge fluctuations on the nanowire surface. The photoluminescence spectra of the annealed nanowires and their corresponding temporal variation are also shown in Supporting Information S3.
Single-photon emission was confirmed by measurement of the second-order coherence (intensity autocorrelation), using a Hanbury Brown and Twiss (HBT) setup, ie,
where I is the emission intensity and is the time delay. During this measurement, the emission from the further confined emitter shown in Figure 3A was spectrally isolated using the exit slit of the spectrometer. The measured autocorrelation data are shown in Figure 4 , where the antibunching can be clearly observed, revealing the nonclassical nature of the emission. The intensity correlation data can be fitted with the following fitting function:
where (1 − a) and b are the g (2) (0) value and antibunching decay time, respectively. The obtained g (2) (0) value from fitting to the data (or indeed, direct inspection of the data) is 0.29 ± 0.07 (grey curve in the Figure) , clearly indicating the single-photon nature of the emission. However, as the antibunching decay time is measured to be a fast approximate 530 ps (in good agreement with the independently measured emission lifetime of approximately 630 ps shown in the figure inset), we must take into account the instrument response function of the detection system (which was measured using a pulsed femtosecond laser to have a time constant of approximately 200 ps) in order to accurately determine the real value of g (2) (0). [43] [44] [45] We therefore fitted the data with a convolution of the second-order correlation function Equation 2 and the instrument response function, [43] [44] [45] from which we are able to finally extract a g (2) (0) value of 0.11 ± 0.13 (shown as a FIGURE 4 Autocorrelation histogram measured at 8 K from the spectrum shown in Figure 3A . The grey curve shows the fitting curve based on the second-order correlation function, revealing that the measured g (2) (0) value is approximately 0.29. The instrument response function-corrected autocorrelation fit (orange) dips down to approximately 0.11. The inset shows the time-resolved photoluminescence decay trace with a decay constant of 630 ps orange data fit in the Figure) . In order to further support this measurement, we also performed autocorrelation measurements on the further confined structure using pulsed excitation (by which the influence of the setup's limited temporal resolution on g (2) (0) can be avoided, with the caveat of increased background emission from the sample in this case). In this additional measurement, we obtained a background-corrected g (2) (0) value of approximately 0.07 (see Figure S4 in the Supporting Information), thus supporting the value measured under continuous-wave excitation. We note that the value of g (2) (0) we present here is comparable with the most pure single-photon emission reported to date from the InGaN/GaN material system of various nanostructure geometries. 21, 46 The residual nonzero g (2) (0) value is due to the unfiltered spectral background contamination that enters the HBT setup during the measurement. Analysis of the background level in Figure 3A allows us to estimate a background-corrected g (2) (0) value of approximately 0.05, essentially zero to within the experimental error, 47 indicating that the QD itself is a very pure single-photon emitter (although we note that it is the measured value of 0.11 that truly represents the degree to which the QD/nanowire system is able to provide single photons).
Antibunching was also observed from the original nanowire QDs that had not undergone annealing and regrowth (see Figure S1 in the Supporting Information). However, the further confined sample exhibits a faster antibunching decay rate. This faster rate is consistent with the smaller size of the emitter, such that the wave-function overlap and oscillator strength of the confined exciton are increased. However, it may also be possible that the internal electric field (which is present in III-nitride nanostructures due to the inherent strain at the heterostructure interface and the fact that the material is piezoelectric) has been somewhat suppressed in the further confined structure due to strain release in the thin nanowire. 48 This reduction in electric field would also result in an increased carrier wave-function overlap. The fast antibunching decay from these QDs means that, in principle, single-photon emission rates up to approximately 1.5 GHz may be possible, under perfect excitation and extraction conditions.
We have demonstrated an unconventional and versatile reverse-reaction fabrication method to realize high-quality and well-confined InGaN QDs in self-assembled GaN nanowires. This novel process offers distinct advantages over conventional self-assembled nanowires and enables us to measure single photons with a high degree of purity. The smaller size of the nanowire, which allows for real three-dimensional carrier confinement in an InGaN/GaN QD, results in a cleaner environment in the vicinity of the QDs, narrower emission linewidths, and a faster emission rate. The fast generation and extraction of pure single photons are key requirements for realizing a deterministic single-photon source. The formation of the quantum structures in this versatile reverse-reaction fabrication method overcomes many limitations in conventional self-assembled InGaN/GaN nanowires and shows a strong potential as a practical single-photon source.
METHODS

Nanowire growth
The InGaN/GaN disc-in-nanowire heterostructures were grown on a Si (111) substrate by PA-MBE. The substrate was chemically cleaned with hydrofluoric acid solution to remove native oxides prior to being loaded into the MBE chamber.
The Si wafer was then degassed under ultrahigh vacuum at 1000 • C for 30 minutes. Following the thermal cleaning, the substrate temperature was reduced until the surface reconstruction transition from (1 × 1) to (7 × 7) occurs (at approximately 930 • C). Subsequently, 1 minute nitridation of the Si surface at 780 • C leads to the formation of a Si x N y film. Catalyst-free growth of nanowires was then carried out under nitrogen-rich conditions, maintaining a constant nitrogen flow rate of 1.5 sccm (standard cubic centimeters per minute). GaN nanowires with a height of approximately 500 nm were first grown at 800 • C. InGaN quantum discs surrounded by 20 nm of GaN were then grown at 550 • C, and 350-nm-long GaN wires were grown on top at 750 • C. Under these conditions, the growth resulted in vertically aligned nanowires with a length of 850 ± 50 nm and a diameter of 80 ± 5 nm. The "reverse-reaction" growth was subsequently performed by turning off the Ga (gallium) and N (nitride) fluxes and ramping the substrate temperature to 900 • C. After annealing the nanowires in ultrahigh vacuum for 30 minutes, the substrate was then cooled to 750 • C. Finally, the in situ GaN nanowire overgrowth was performed for another 15 minutes.
Optical experiments
A μ-PL setup with a temperature controller and low vibration cryostat was employed to investigate the optical properties of the nanowire. A solid-state laser with a wavelength of 355 nm was used for continuous-wave excitation, and the emission from an individual structure was collected using a 50× magnification objective lens with a numerical aperture of 0.42. The emission was analyzed using a 300-mm spectrometer equipped with a liquid-nitrogen charge-coupled device camera and a 1200-mm −1 reflection grating. Autocorrelation was performed using an HBT setup consisting of two photomultiplier tubes, a 50/50 beam splitter, and timing electronics to register the coincidence counts. The exit slit of the spectrometer was used as a spectral filter with a tunable bandwidth in order to filter the emission before measurement. Time-resolved μ-PL was performed using the same optical system, but with a frequency-doubled Ti:sapphire pulsed laser emitting at 355 nm (80-MHz repetition rate) as the excitation source.
